Flood indicators are generally used to understand floods from management perspective. The indicators are designed to recognize the flood intensities including their magnitude and clustering features. Peak flood discharge or peak flood level is usually used to describe the flood intensity. In this paper, we describe flood event by five elements including the peak discharge, the peak level, the maximum 24-h volume, the maximum 72-h volume and the total flood volume. To demonstrate the significance of using multiple indicators, we investigate the flood events in Wujiang River, South China, over 53 years as a case study. The analysis revealed significant increasing trends on the peak discharge and the maximum 24-h volume while the flood peak level, the total flood volume and the maximum 72-h volume had only weak increasing trends. That is, different indicators showed different ranks of flood intensity. Therefore, a single indicator cannot capture all vital aspects of a flood event. The fuzzy c-means algorithm (FCM) is then used to categorize flood events into similar groups within which the flood intensities exhibit high internal (withincluster) homogeneity. The clustering results showed that heavy floods have increasingly occurred in the research river basin since the 1990s, and therefore the flood situation in Wujiang River needs more attention to guarantee the flood mitigation by strengthening flood protection facilities.
Introduction
Floods are among the most devastating natural disasters and claim many lives every year (Dilley et al., 2005) . The extent of its damage is enhanced by population growth, accelerating urbanization process, fast industry development, especially irrational exploitation of land, water resources and forest (Drogue et al., 2004) . It has been reported (EM- DAT, 2002 ) that flooding affected 3,046,770,000 people-times over the world and 1,674,670,000 people-times in China alone, from 1900 to 2007. The regional flood management is a complex and exhausting issue and the topics with respect to flood have attracted widespread scientific interest. Many researches focused on the flood detection and monitoring (Felipe et al., 2006) , flood management (Plate, 2002) , flood risk management (Johnson, 2007) and flood forecasting (Kim and Barros, 2001) .
Flood occurrences are increasing in many regions of the world (Drogue et al., 2004) . Following the fourth IPCC assessment report (IPCC, 2007) , enhanced meteorological extremes are to be expected during 21st century (Reggiani and Weerts, 2008) . River floods are also significantly affected by human activities such as land use changes, urbanization, dam construction, gravel and sand mining. More and more researchers have paid high concerns on flood intensity. The destructive capacity of a flood is used to characterize its intensity. Flood intensity is estimated by several uncertain variables, such as flood peak discharge and flood volume, which are defined to be flood indicators here. However, flood intensity analysis has mainly focused on single flood characteristic, such as peak flood discharge or peak flood level. A number of researchers have studied the peak flood discharge and flood volume in various regions over the world and found that peak flood discharge has different characteristics in different regions (Ouarda et al., 2000;  http://dx.doi.org/10.1016/j.ecoleng.2014.03.018 0925-8574/© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/). Cervantes et al., 1982; Akan and Antoun, 1994; Choulakian et al., 1990) . Until now, the calculation of flood intensity remains one of the main challenges for hydrologists involved in the planning, designing and management of engineering projects such as dams, spillways, highways and stormwater management systems. In fact, flood intensity is particularly complex to be characterized because it may have different features from different aspects and such features can have different behaviors in different river basins. Ahmed and Mirza (2000) pointed out that the flood intensity index should be calculated by multiplying several factors such as the duration (number of days) apart from the destructive capacity and the area affected. Such calculations for floods in Bangladesh suggested that the 1998 flood was far worse than that of 1988 based on the consideration of the flood duration (Ahmed and Mirza, 2000) . Beck et al. (2002) suggested that the flood intensity should be determined by the water height and velocity. French and Miller (2011) stated that the flood intensity is determined by the flow depth and velocity. Previous studies concentrated on the flood magnitudes and corresponding frequencies. For example, Swades and Surajit (2012) used three variables including flood level high, flood frequency and flood stagnation period to evaluate the flood intensity. Pinter et al. (2006) found significant upward trends in flood magnitude as well as frequency at the gauges Cologne and Bonn in the Rhine catchment from 1900 to 2002. Theresia and Bruno (2009) pointed out that during the last decades several destructive floods in Germany led to the impression that the frequency and/or magnitude of flooding were increasing. Numerous studies on flood intensity have focused on linking flood frequency. There is a need to better understand flood intensity by considering different flooding features simultaneously, which leads the current research.
The variation of flood features and increasing flooding frequency in Wujiang River is a motivation of our current work from both scientific research and management. For example, only four severe floods in the Wujiang River Basin were recorded over a 90-year period from 1850 to 1940. However, 5 more severe floods occurred in 1961 , 1968 (Zhou and Lai, 2003 Han and Chen, 2003; Cheng, 2006) . In order to understand the intensity of a specific flood event in a river basin, multiple flood indicators should be considered in order to better characterize the flood. Cluster analysis provides a sensible way to group the flood events, making it possible to detect and analyze the indicators for the similar groups among the flood events. The primary purpose of flood cluster analysis is to assemble objects based on the characteristics which the floods possess. Several studies have used clustering technique in flood analysis. For example, Chen et al. (2011) used fuzzy clustering analysis which is based on fuzzy equivalent relation to analyze the flood disaster of 30 provinces in China in 2008, and the results showed that fuzzy clustering analysis method was suitable for the grade division of flood disaster. Other flood clustering studies aim to group similar flood events, which are then explained in terms of hydrological processes. Lecce (2000) investigated spatial variations in the timing of the annual flood in the southeastern US by k-means clustering algorithm. Most clustering methods have been used in the context of regionalization, focusing more on the flood (flood processes, flood disaster) than on flood intensity. There are many clustering methods being introduced in literature. And the fuzzy c-means (FCM), the most well known and powerful method in cluster analysis, is an extension of hard c-means (HCM). In this paper, fuzzy c-means is chosen because it produces clusters by identifying the cluster centroid and their corresponding degree of membership and therefore allows one set of data to belong to two or more clusters. Another advantage of fuzzy c-means (FCM) for segmentation is its computational efficiency. The fuzzy clustering has been shown to be less afflicted by local optima problems in the estimation procedures and produce high quality segmentation compared to the other available algorithms. There are numerous studies in literature using FCM clustering technique to solve engineering problems such as target recognition, soil clustering (Goktepe et al., 2005) and image segmentation (Chuang et al., 2006) .
Developing a better understanding of flood intensity in the timing of floods is necessary for hydrologists, planners and managers to be able to assess flood intensity and develop improved flood protection strategies. In this paper, we explore the flood intensity by different flood characteristics. We evaluate five indicators (peak discharge, peak water level, the maximum 24-h volume, the maximum 72-h volume and the total flood volume) and analyze their changes over time to reveal the features and variations of flood intensity at Lishi station on Wujiang River. As any single indicator alone cannot properly describe flood intensity, the clustering technique was showed to be an effective tool to evaluate the effects of flood intensity over the study region by summarizing different flood characteristics including the five indicators used in this paper. We will also discuss the clustering result of flood intensity by FCM.
Study area and data
Beijiang River, with a drainage area of 46,710 km 2 , is a main branch of the Pearl River. Wujiang River, one of the biggest branches of Beijiang River, is chosen for case study in this paper. It originates at the three Mountain Ridges of Linwu County in Hunan Province and is located at the latitude of 24 • 46 to 25 • 41 N and longitude of 112 • 23 to 113 • 36 E (Fig. 1) . The drainage area of Wujiang River Basin is 7097 km 2 and the length of the river is about 260 km. Yearly averaged precipitation is approximately 1300-1500 mm with a considerable year-to-year variation. The annual average discharge of Wujiang River Basin is over 6125 × 10 9 m 3 . The normal natural maximum flows occur during the flood season from April to September, with the annual average discharge of approximately 4477 × 10 9 m 3 at Lishi station.
Flooding in Wujiang River Basin is a common phenomenon and often causes considerable damages. For example, in July 2006, heavy floods caused more than $58 billion of direct lose of economy, and killed over 52 lives. Agriculture was the most seriously damaged sector. In spite of this, there has not been any research work concerning the change of flood characteristics in the river basin. This paper analyses the characteristics of flood and flood intensity at Lishi station of the Wujiang River. The available flood data of Wujiang River covers a period of 53 years from 1955 to 2007
The Lishi hydrological station, which is located near the mouth of the river and controls a drainage area of 6976 km 2 accounting for 9821% of Wujiang River Basin, is a representative station for the Wujiang River. Long flood records from Lishi hydrological station from 1955 to 2007 were collected as the continuous flood representative of the flood processes in the river. Different flood events represent different climate phenomena. For example, the big floods are usually driven by typhoon, while the common floods are generated by frontal rainfall. In total, there are 53 flood events with representative of flood intensity, duration, peak discharge, the maximum 24-h volume, the maximum 72-h volume and flood volume which are used to captured the flood features and analyzed in this study.
Flood indicators and their calculation methodology

Indicators of flood events
The characteristics of a flood event can be described mainly by five indicators: its peak discharge (the maximum discharge of this flood event), peak level (the water level corresponding to the peak discharge), the maximum 24-h volume (the maximum water quantity of a 24-h period of this flood event), the maximum 72-h volume (the maximum water quantity of a 72-h period of this flood event) and the total flood volume (the total water quantity of this flood event). The total flood volume is the total amount of the flood discharge for a specific flood event and, is contributed by not only discharge but also to duration of the flood. Flood duration may be different for different floods and is therefore a very important factor of a flood event. Flood volume at a specific time period can be used to reflect the flood intensity for different flood events. The specific time period is chosen from 1 h to t hours, where t is not bigger than the flood duration. For example, the maximum 3-h flood volume, the maximum 4-h flood volume, the maximum n-hours (n = 1, 2, 3,. . ., t) flood volume, can be used as indicators for flood intensity. For a specific flood event, the flood volume within a specified time period, denoted by V n (n = 1, 2, 3,. . ., t) in this paper, is also a key factor for successful design and planning of various water resource management projects. Given that flood durations in Wujiang river basin mostly concentrate within 3 days, the maximum 24-h flood volumes (V 24 ) and the maximum 72-h flood volumes (V 72 ) are chosen as the key indices in flood intensity analysis in this paper.
In summary, the flood intensity is computed by all the five indicators, i.e., the peak flow (Q), the peak level (H), the maximum 24-h flood volume (V 24 ), the maximum 72-h flood volume (V 72 ) and the total flood volume (V).
Determination of flood duration
Flood duration is defined as the time span from the beginning to the end of a flood event and is derived as following. First, the right flood process is determined according to the flood data. By taking a flood in 1982 as an example, one can depict the flood process as shown in Fig. 2(a and b) . Although there were three floods in 1982, flood series II has the biggest peak flood (2520 m 3 /s), which is much bigger than that of flood series I and III ( Fig. 2a ). Second, the beginning and end times are identified as following: the beginning (or end) time is the nearest bottom point on the left (or right) of the peak flow, as shown in Fig. 2(b) . At the same time, the duration of this flood event can be measured as the time difference between points A and B. It can be seen that the flood duration of this event is 330 h, spanning from May 10th, 8:00 (point A) to May 24th, 2:00 (point B) in Fig. 2(b) .
Calculations of V 24 and V 72
We only take the calculation of the maximum 72-h flood volume as an example. For a hypothetical flow process given in Fig. 3 , the 72-h flood volume ((V 72 ) Ts ) is determined by
where Q j is the observed discharge of the jth hour for a flood event, T s = 1, 2, . . ., t − 71 and t is no more than the flood duration. T e − T s is 72 h. So, the maximum 72-h flood volume (V 72 ) is defined by
The calculation of V 24 , the maximum 24-h flood volume, is similar to that of V 72 . 
FCM algorithm
The clustering method can be used to detect the similar groups among observed floods and therefore the results exhibit high internal (within-cluster) homogeneity of the flood. The fuzzy cmeans algorithm (FCM), originally introduced by Dunn (1973) and improved by Bezdek (1981) , is one of the most widely used fuzzy clustering algorithms. The algorithm is based on minimization of the following objective function Fuzzy partition is carried out through an iterative optimization of Eq.
(2) by updating membership u ij and the cluster center v i via
The iteration stops when max ij {|u k+1 ij − u k ij |} < ε, where ε is a pre-determined tolerance value between 0 and 1, and k is the number of the iteration steps. This procedure converges to a local minimum or a saddle point j m .
Data normalization
The five indicators of a flood event have different physical meaning and different measurement units. In order to eliminate differences in the units and dimensions of different process variables, data pretreatment is needed. Four types of data pretreatment have been used in literature: (1) mean centering, (2) differentiation, (3) normalization, and (4) auto-scaling (Amrhein et al., 1996) . In this paper, we use the normalization described below. Given a flood data matrix x 0 ij representing the ith observation of the jth variable, then the normalization is:
where x ij is the normalized value. After the normalization, the original flood data matrix x 0 ij is transformed into the data matrix x ij with x ij ε[0, 1].
Results and discussion
Characteristics of flood in Wujiang River Basin
The maximum annual flood peak discharges, over the period from 1955 to 2007, are shown in Fig. 4 . The peak discharge in 2006 (8800 m 3 /s) was about 25 times larger than the mean peak discharge (2547.17 m 3 /s) of the 53 years in Wujiang River. According to the investigation on the flood history, the flood in July 2006 was the most extreme one in Wujiang River since 1955. In July 2006, the typhoon named Bilis transported to Wujiang River Basin and caused heavy rainfall (Guo, 2008; He et al., 2008) . Radar images indicated that the precipitation fields moved quickly over most of Wujiang River (Guo, 2008) . Actually, the big floods in recent years in Wujiang River were mainly typhoon driven. Fig. 4 shows that there are three years having peak discharge over 5000 m 3 /s: 1994, 2002 and 2006 , which all occurred after the 1990s with two in the 21 century. The flood with the fourth largest discharge (4330 m 3 /s) happened in 1968. This indicates that in this hydrological regime, flood events are very special in recent 20 years due to the change in meteorological element and intensive human activities. The Wujiang River Basin has an area of 7097 km 2 with a population of 1,730,758 in 2006. There are three counties (Yizhang, Linwu and Ruyuan), 2 districts (Zhenjiang and Wujiang) and one city (Lechang) in Wujiang River Basin. Lechang city with more than 523,000 population in 2006 is the most intensive human activity area in Wujiang River Basin. At the beginning of this century, the urbanization in Wujiang River Baisn, especially in Lechang city, began to accelerate. The human influence mainly comes from urbanization. With the accelerated development of urbanization, the natural environment has been basically destroyed. Urbanization and other human activities within an urban system effect features of flood event such as shortening flood duration and increasing peak flood discharge. Analysis of the peak flood by linear regression reveals an increasing trend in peak flood discharge (see Fig. 4 ), which is marginally statistically significant (p-value = 0.0976). Fig. 5a gives the examples of flood events, from which it can be seen that the total flood volume in 2002 flood is smaller than that in 1994, in spite of the similar annual maximum peak discharge. Fig. 5b shows that there are 72 h from point A 1 to A 2 in 1999, from point B 1 to B 2 in 1961 and from point C 1 to C 2 in 1955. The maximum 72-h flood volumes (V 72 ) in 1955, 1961 and 1999 are 13.27 × 10 4 m 3 , 19.31 × 10 4 m 3 and 10.72 × 10 4 m 3 respectively. According to Fig. 5b , the biggest peak discharge occurred in 1961, and the smallest peak discharge occurred in 1955. The flood volume was 13.88 × 10 4 m 3 in 1999 and 23.36 × 10 4 m 3 in 1961. The longest flood duration occurred in 1955, with flood volume (25.89 × 10 4 m 3 ) being correspondingly bigger than that in 1999 and 1961 (Fig. 5b) . The flood durations in 1955, 1961 and 1999 were 324 h, 130 h and 150 h, respectively. The main factors causing the differences of the flood duration in 1955, 1961 and 1999 were total rainfall amount, total rainfall duration and the maximum flood discharge. While the total rainfall amount and duration were respectively 184.8 mm and 120 h in 1955, 157.9 mm and 96 h in 1961 and 109.2 mm and 72 h in 1999. It shows a deep corresponding relationship between rainfall and flood in the study basin where rainfall is the unique source of flood. Fig. 6a shows the fluctuation of annual flood volume at Lishi Station in Wujiang River during 1955-2007. An increasing tendency with the largest annual flood volume in 2006 can be seen. The cumulative annual peak discharge and cumulative annual flood volume are plotted in Fig. 6b , from which it can be seen that both the cumulative flood volume and cumulative peak discharge have similar trends and that the slope of the two plots keep no change. This concludes that both peak flood discharge and annual flood volume have a similar variation during the study period of 53 years. Fig. 7a shows the peak flood levels observed in Wujiang River Basin from 1955 to 2007. For the fifty flood events extracted, peak flood levels ranged from 55.87 m to 64.86 m, while the corresponding peak discharges ranged from 630 m 3 /s (on 25/3/1963) to 8800 m 3 /s (on 14/7/2006). According to Fig. 7b both the cumulative peak flood level and cumulative peak discharge have similar trends and the slope of the two plots keep no change from 1955 to 1993. However, the two cumulative curves show a change point in 1993. This indicates that the annual flood peak discharge increased more rapidly than the annual flood peak level since 1993. Fig. 8a gives the variation of the annual maximum 24-h flood volume during 1955-2007. The maximum 24-h volumes show a clear evidence of increasing flux (p-value = 0.0919), that is, the positive linear trend fitted to the data is significant at the 90% level of significance. According to Fig. 8b both cumulative maximum 24h flood volumes and cumulative peak discharge have similar trends, and the slopes of the two plots keep no change. This indicates that the maximum 24-h flood volume has a similar variation tendency with the peak discharge.
The records of the maximum 72-h flood volume are presented in Fig. 9a . The analysis of the variability of the annual maximum 72-h flood volume by linear regression reveals a continuous weak increase, which was marginally statistically significant (pvalue = 0.119). Both cumulative peak discharge and cumulative maximum 72-h flood volume have similar trends, as the two cumulative curves coincide (Fig. 9b ).
Relationship among the flood indicators
The scatter plots between indicators are given in Fig. 10 . It can be seen that there is a significant linear correlation between flood peak level and peak flood discharge (Panel (4, 1) ). Panel (3, 1) reveals a high correlation between the flood peak level and the maximum 24-h flood volume. Panel (3, 2) shows a high correlation between the peak discharge and the maximum 24-h flood volume. However, the relationship between flood volume and peak level (Panel (1, 1) ) was not strong. The correlation between flood volume and peak discharge (Panel (1,2) ) was even weaker.
The flood in 2006 was the biggest one from 1955 to 2007 in term of all the flood indicators, with the peak discharge of 8800 m 3 /s being much bigger than the second one (5300 m 3 /s in 1994). The biggest data point appeared in the scatter plot matrix (Fig. 10) presents both the y-value of 6.218 × 10 5 m 3 (flood volume) and
x-value of 64.86 m (peak level) in panel (1, 1) .
To demonstrate the different flood intensity orders, we analyze the order of the top eight biggest floods in details. The indicator values of different flood intensity are ranked in decreasing order by the flood peak level, the peak discharge, the total flood volume, the maximum 24-h flood volume and the maximum 72-h flood volume. The top eight highest peak flood levels, arranged in descending order, were in 2006, 1994, 2002, 1968, 1961, 1973, 1993 and 2005. Of the 53 floods, the 8 highest peak discharges of bigger than 3500 m 3 /s, in ascending order were in 1993 in , 1975 in , 1973 in , 1961 in , 1968 in . The 8 biggest flood volumes ranked as: 1981 in , 1978 in , 1992 in , 1997 in , 1968 in increasing order. The maximum 24-h volumes arranged from the highest to the smallest are: 2006, 1994, 2002, 1968, 1961, 1973, 1993 and 1985. The highest values of the maximum 72-h volume recorded, of bigger than 1.4 × 10 5 m 3 , were in years of 2006, 1994, 2002, 1968, 1961, 1976, 1978 and 2007 in decreasing order.
From the above ranks we can see that different indexes give different flood intensity orders. The ranks of different flood characteristics in 1955, 1961, 1968, 1984, 1994, 1999 and 2002 are given in Table 1 . It can be seen that the third largest flood event in term of the flood peak level, the peak discharge, the maximum 24-h volume and the maximum 72-h volume occurred in 2002, which corresponds to the fifth largest flood event in term of the Table 1 The ranking result for different flood characteristics in 1955, 1961, 1968, 1984, 1994, 1999 and 2002. Year
Item Note:
(1) The ranks are given in ascending order.
(2) H: the flood peak level, Q: the peak discharge, V24: the maximum 24-h flood volume, V72: the maximum 72-h flood volume, V: the flood volume. Note: (1) The ranks are given in ascending order.
(2) H: the flood peak level, Q: the peak discharge, V24: the maximum 24-h flood volume, V72: the maximum 72-h flood volume, V: the flood volume.
annual flood volume. The fifth largest flood event in term of the flood peak level, the peak discharge, the maximum 24-h volume and the maximum 72-h volume occurred in 1961 corresponds to the 14th largest flood event in term of the annual flood volume. Therefore, we can only compare the flood events by using the same indicators, and it should be reasonable to describe a flood event by all the five indicators. A number of the correlation coefficients between the indicators are presented in Table 2 , in order to estimate the value of the correlation coefficient based on Fig. 10 . The sign of the correlation coefficients define the direction of the relationship. The positive correlation coefficient means that as the value of one variable increases, the value of the other variable increases. The value of the correlation coefficient measures the strength of the relationship. The bigger correlation coefficient is, the stronger degree of linear relationship will be. For example, a correlation coefficient of R ( 
Flood clustering
As discussed above, the flood intensity can be determined by five indicators: the peak discharge, the peak level, the maximum 24-h volume, the maximum 72-h volume and the total flood volume. All these indicators are constitutions of the flood event but they are not consistent with each other. In order to facilitate the comparison and understand the difference between different flood events, we divided the flood intensity into four classes: catastrophic flood (I), high flood (II), normal flood (III) and small flood (IV). The fuzzy cmeans (FCM) algorithm was used for the clustering. Before the FCM algorithm is applied, the following parameters must be specified:
(1) the number of clusters, c; (2) the fuzziness exponent, m; (3) the termination tolerance, ε. In this paper, three parameter values are chosen as c = 4, m = 2 and ε = 1e−5, respectively. According to the fuzzy c-mean (FCM) algorithm, the membership matrix U of element u ij is calculated. The resulted matrix U by FCM method is given in Table 3 . The u ij is a numerical value in [0, 1] that tells the degree to which the element x j belongs to the ith cluster. The output membership matrix U is used to determine the types of flood in the way that the jth flood x j is assigned to the ith cluster if u ij is the largest among {u 1j , u 2j ,. . .}, that is, x j is to be assigned to the ith cluster to which u ij has the maximum over its class membership. For example, the value of u 3,1 display that the flood in 1955 belongs to the normal flood. The value of u 1,14 displays that the flood in 1968 belongs to the catastrophic flood. The value of u 2,19 displays that the flood in 1973 belongs to the high flood. The value of u 4,34 displays that the flood in 1988 belongs to the small flood. The clustering results (shown in Fig. 11 ) matched very well with the actual flood situation in Wujiang River. By FCM algorithm, the floods in 1968, 1994, 2002 and 2006 were the catastrophic flood (Class I), which was in accordance with the previous analysis. The results show that heavy floods were in an increase tendency during the 53 years. For example, the occurrence ratio of heavy floods (flood classes I and II) increased from 377% in the 1950s to 566% in the 1960s and 1970s, and further to 1698% after the 1990s. From the management perspective, flood in Wujiang River should be highly concerned and the flood-control works need to be strengthened to guarantee the flood conveying capacity in the flood season.
Conclusions
Flood indicators are generally used to understand floods from management perspective. However, any single indicator alone cannot reflect a flood process properly because a flood event is described by complex factors influencing the variation of flood intensity, just like the five indicators proposed in this paper. The clustering technique was proved to be an effective tool to evaluate the effects of flood intensity. The cluster detection algorithm searches for groups or cluster of data elements that are similar to one another.
To understand flood events in Wujiang River, five indicators, including the peak discharge, the total flood volume, the flood peak level, the maximum 24-h volume and the maximum 72-h volume, were analyzed in this study. Trend analysis for the yearly maximum flood events from 1955 to 2007 shows that the peak flood discharge, the total flood volume and the maximum 72-h volume have a continuous weak increase tendency at the marginally statistically significant. The flood peak level does not show a statistically significant trend at the 95% significant level. The maximum 24-h volume exhibits an increasing trend at the 90% significant level.
According to results by the fuzzy c-means algorithm, the number of floods type I and type II varies from the 1950s to the 21st century and exhibits an overall increase trend. The chance of encountering floods type I and type II is greater than encountering flood type III. Floods are found to be more serious in Wujiang River after the 1990s.
